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1. Introduction 

The search for the Standard Model (SM) Higgs 
boson [1^3] is one of the most important endeav- 
ours of the Large Hadron Collider (LHC). The re- 
sults of searches in various channels using data cor- 
responding to an integrated luminosity of up to 
4.9 fb~^ have been reported recently by both the 
ATLAS and CMS collaborations |^,i5|]. The Higgs 
boson has been excluded at the 95% confidence level 
below 114.4 GeV by the LEP experiments in 
the regions 100-106 GeV and 147-179 GeV at the 
Tevatron pp collider Q, and in the regions 112.5- 
115.5 GeV and 127-600 GeV by the LHC experi- 
ments. This Letter reports on a search for the SM 
Higgs boson performed for the H ^ hh decay mode, 
over the mass range 110-130 GeV where this decay 
mode dominates. 

Due to the large backgrounds present in the dom- 
inant production process gg ^ H bb, the anal- 
ysis reported here is restricted to Higgs boson pro- 
duction in association with a vector boson, WH 
and ZH [sl-fl^ , where the vector boson provides an 
additional final state signature, allowing for signif- 
icant background suppression. An additional han- 
dle against the backgrounds is provided by exploit- 
ing the better signal-over-background level of the 
kinematic regions where the weak bosons have high 



transverse momenta [13]. These channels are also 
important contributors to Higgs boson searches at 
CMS [li] and the Tevatron 0. 

This Letter presents searches in the ZH — ^ 
£+£-bb , WH £vhb and ZH vvbb channels, 
where £ is either an electron or a muon. The data 
used were recorded by the ATLAS experiment dur- 
ing the 2011 LHC run at a centre-of-mass energy 
of = 7 TeV and correspond to integrated lu- 
minosities of 4.6 to 4.7 fb~^ 15, 1^, depending on 
the analysis channel. The leptonic decay modes 
of the weak bosons are selected to suppress back- 
grounds containing only jets in the final state. In 
the ZH — >■ vvbb channel, the multijet background is 
suppressed by requiring a large missing transverse 
energy. 

2. The ATLAS Detector 



The ATLAS detector [17[ consists of four main 
subsystems. An inner tracking detector is immersed 
in the 2 T magnetic field produced by a super- 
conducting solenoid. Charged particle position and 
momentum measurements are made by silicon de- 
tectors in the pseudorapidit}0 range \rj\ < 2.5 and 



-"^ ATLAS uses a right-handed coordinate system with its 
origin at the nominal interaction point (IP) in the centre of 
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by a straw tube tracker in the range |?7| < 2.0. 
Calorimeters cover \r]\ < 4.9 with a variety of detec- 
tor technologies. The liquid-argon electromagnetic 
calorimeter is divided into barrel (|?7| < 1.475) and 
endcap (1.375 < \r]\ < 3.2) sections. The hadronic 
calorimeters (using liquid argon or scintillating tiles 
as active materials) surround the electromagnetic 
calorimeter and cover I77I < 4.9. The muon spec- 
trometer measures the deflection of muon tracks in 
the field of three large air-core toroidal magnets, 
each containing eight superconducting coils. It is 
instrumented with separate trigger chambers (cov- 
ering I?/! < 2.4) and high-precision tracking cham- 
bers (covering |?7| < 2.7). 

3. Data and Monte Carlo Samples 

The collision data used in this analysis are se- 
lected such that all elements of the ATLAS de- 
tector were delivering high-quality data. In the 
ZH £+£-bb and the WH iM analyses, 
events were primarily collected using single-lepton 
triggers with a transverse momentum (pt) thresh- 
old of 20 GeV for electrons, which was raised to 
22 GeV as the instantaneous luminosity increased, 
and 18 GeV for muons. In the ZH — >■ £~^£~bb anal- 
ysis, these triggers were supplemented with a di- 
electron trigger with a threshold of 12 GeV. The 
lepton trigger efficiency is measured using a sam- 
ple oi Z £'^t~ events. The resulting efficiency, 
relative to the offline selection, is close to 100% for 
ZH — ^ e^e~bb and WH — >■ evbb. It is around 
95% for the ZH fi+^j,-bb channel and 90% for 
the WH jivbb channel, due to the lower az- 
imuthal angular coverage of the muon trigger cham- 
bers with respect to the precision tracking cham- 
bers. The missing transverse energy {E^'^^^) trigger 
used for the ZH — >■ vvbb channel has a threshold of 
70 GeV and an efficiency above 50% for E^'^^^ above 
120 GeV. This efficiency exceeds 99% for E^^"""" 
above 170 GeV. The efficiency curve is measured 
in a sample of — ?► +]ei events collected using 
muon triggers, which do not rely on the presence 



the detector and the 2:-axis coinciding with the axis of the 
beam pipe. The x-axis points from the IP to the centre of 
the LHC ring, and the j;-axis points upward. Cylindrical co- 
ordinates {t,4>) are used in the transverse plane, being the 
azimuthal angle around the beam pipe. The pseudorapidity 
is defined in terms of the polar angle 9 as rj = — lntan(S/2). 
For the purpose of the fiducial selection, this is calculated 
relative to the geometric centre of the detector; otherwise, it 
is relative to the reconstructed primary vertex of each event. 



of E'^'''\ The Monte Carlo (MC) simulation pre- 
dicts the trigger efficiency to be 5% higher than that 
observed in collision data for 120 GeV < i?™'^** < 
160 GeV and agrees for > 160 GeV. A cor- 

rection factor of 0.95 ± 0.01 is therefore applied to 
the MC in the lower E^^^^ region, and no trigger 
efficiency correction is applied elsewhere. 



The WH and ZH signal processes are modelled 
using MC events produced by the Pythia [31 
event generator, interfaced with the MRST mod- 
ified leading-order (LO*) [l^ parton distribution 
functions (PDFs), using the AUET2B tune ,2i}] for 
the parton shower, hadronization and multiple par- 
ton interactions. The total cross sections for these 
channels, as well as their corresponding uncertain- 
ties, are taken from the LHC Higgs Cross Section 
Working Group report 2l|. Differential next-to- 
leading order (NLO) electroweak corrections as a 
function of the W or Z transverse momentum have 
also been applied [H, . The Higgs boson decay 
branching ratios are calculated with Hdecay (23j . 



The background processes are modelled with sev- 
eral different event generators. The Powheg (23 - 
[iil generator, in combination with MSTW 2008 
NLO PDFs 27] and interfaced with the Pythia 
program for the parton shower and hadronization, 
is used to simulate W+ > lb jet events. The 
Sherpa generator [2^ is used to simulate Z+> 
lb jet and Z+> Ic jet events. The Alpgen gener- 
ator [2^ interfaced with the Herwig program [sO] 
is used to simulate W+ > Ic jet, W+ > 1 light jet 
(i.e. not a c or 6 jet) and Z+ > 1 light jet events. 
The above background simulations include 7* pro- 
duction and Z/j* interference where appropriate. 
The MC@NLO generator [sij, using CTIO NLO 
PDFs fs?! and interfaced to Herwig, is used for the 
production of top-quarks (single top and top-quark 
pair production). The Herwig generator, is used to 
simulate the diboson {ZZ, WZ and WW) samples. 
The Herwig generator uses the AUET2 tune [s^ 
for the parton shower and hadronization model, re- 
lies on MRST LO* PDFs (except for top produc- 



tion) and is in all cases interfaced to Jimmy [34 | 
for the modelling of multiple parton interactions. 
MC samples are passed through the full ATLAS 
detector simulation [s^ based on the Geant4 [36j 
program. 
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4. Reconstruction and Identification of 
Physics Objects 

Events are required to have at least one recon- 
structed primary vertex with three or more associ- 
ated tracks with > 0.4 GeV in the inner detec- 
tor. If more than one vertex is reconstructed, the 
primary vertex is chosen as the one with the high- 
est sum of the squares of the transverse momenta 
of all its associated tracks. 

The charged leptons that are used to reconstruct 
the vector boson candidate are required to sat- 
isfy pT > 20 GeV in the ZH i+e-bb channel, 
while this cut is increased to > 25 GeV in the 
WH — >■ ii'bb channel in order to be above the 
trigger threshold, and maintain a high trigger ef- 
ficiency. In both cases, the leptons must be central 
(1 77 1 < 2.47 for electrons and |?7| < 2.5 for muons) 
and have a matching track in the inner detector 
that is consistent with originating from the primary 
vertex. 

Electron candidates are reconstructed from en- 
ergy clusters in the electromagnetic calorimeter and 
are required to pass identification criteria based on 
the shower shape. Central electrons must have a 
matching track in the inner detector that is consis- 
tent with originating from the primary vertex and 
requirements are placed on track quality and track- 
cluster matching Further track and cluster 
related identification criteria are applied to elec- 
tron candidates in order to reduce background from 
jets being misidentified as electrons. The criteria 
are tighter for W decays, where the background is 
larger. Muons are found by searching for tracks re- 
constructed in the muon spectrometer with \r]\ < 
2.7. If the muon spectrometer track matches a 
track in the inner detector, then the muon is re- 
constructed from a combination of both tracks. 

In order to suppress background from semilep- 
tonic heavy-flavour hadron decays, the leptons are 
required to be isolated. In the ZH — >■ i^£~bb and 
WH — >■ (i/bb channels the sum of the transverse mo- 
menta of all charged tracks (other than those of the 
charged leptons) reconstructed in the inner detec- 
tor within a cone of AR = ^^(Ar/)^ -i- (A0)2 < 0.2 
from each charged lepton is required to be less than 
10% of the transverse momentum of the lepton it- 
self. In the WH ivbb channel, the isolation re- 
quirement is strengthened by requiring in addition 
that the sum of all transverse energy deposits in 
the calorimeter within a cone of Ai? < 0.3 from the 
charged lepton be less than 14% of the transverse 



energy of the lepton itself 

In order to suppress the top-quark background 
in the ZH — vvbb channel, events containing elec- 
trons with |?7| < 2.47 and px > 10 GeV, or muons 
with |?7| < 2.7 and px > 10 GeV are removed. Sim- 
ilar requirements are applied on any additional lep- 
ton reconstructed in the WH tvbb channel, but 
the minimum lepton px is increased to 20 GeV if 
the additional lepton has the same charge as, or 
a different flavour than the signal lepton. Events 
with forward electrons [37[ (2.47 < |?7| < 4.5) with 
px > 20 GeV are also removed in the WH — >■ Ivbb 
channel. 

Jets are reconstructed from energy clusters in the 
calorimeter using the anti-fcf algorithm [381] with a 
radius parameter of 0.4. Jet energies are calibrated 
using px- and ?7-dependent correction factors based 
on MC simulation and validated with data ^39,]. A 
further correction is applied when calculating the 
di-jet invariant mass, as described in section [5] be- 
low. The contribution from jets originating from 
other collisions in the same bunch crossing is re- 
duced by requiring that at least 75% of the summed 
transverse momentum of inner detector tracks (with 
Pt > 0.4 GeV) associated with the jet are com- 
patible with originating from the primary vertex. 
Furthermore, a jet is required to have no identi- 
fied electron within Ai? < 0.4. Only jets with 
Pt > 25 GeV and within the acceptance of the 
inner detector {\r]\ < 2.5) are used to reconstruct 
Higgs boson candidates. A looser selection, for ad- 
ditional jets with Pt > 20 GeV and |?7| < 4.5, is 
used to suppress additional hadronic activity in the 
WH — ivbb channel. 

Jets which originate from b quarks can be distin- 
guished from other jets by the relatively long life- 
time of hadrons containing b quarks. Such jets are 
primarily identified ("^-tagged") by reconstructing 
one or more secondary decay vertices from tracks 
within the jet, or by combining the distances of clos- 
est approach to the primary event vertex (impact 
parameters) of tracks in the jet 43-42|. This in- 
formation is combined into a single discriminant w, 
such that a jet with higher w is more likely to be 
a b jet. A selection cut on w is applied, resulting 
in an efliciency of about 70% for identifying true b 
jets, with a c jet rejection factor of about 5, and a 
light jet rejection factor of about 130, evaluated in 
simulated tt events. 

The missing transverse momentum and its mag- 
nitude are measured from the vector sum of the 
transverse momentum vectors associated with clus- 
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ters of energy reconstructed in the calorimeters 
with \ri\ < 4.9 A correction is applied to the 
energy of those clusters that are associated with 
a reconstructed physical object (jet, electron, r- 
lepton, photon). Reconstructed muons are also in- 
cluded in the sum, and any calorimeter energy de- 
posits associated with them are excluded. To sup- 
plement the calorimeter-based definition of E^^^^ 
in the ZH — > I'Dbb channel, the track-based miss- 
ing transverse momentum, pJJJ'*'^, is calculated from 
the vector sum of the transverse momenta of in- 
ner detector tracks associated with the primary ver- 
tex 

5. Event Selection 

Events in the ZH — > £^£^bb channel are required 
to contain exactly two same-flavour leptons. The 
two leptons must be oppositely charged in the case 
of muons. This is not required for electrons since 
energy losses from showering in material in the in- 
ner detector lead to a higher charge misidentifica- 
tion probability. The invariant mass of the lepton 
pair must be in the range 83 GeV < mu < 99 GeV. 
A requirement of E^^^^ < 50 GeV reduces the back- 
ground from top-quark production. 

Events in the WH — ii^bb channel are required 
to contain a single charged lepton and E^^^'^ > 
25 GeV. A requirement on the transverse mas 
mT > 40 GeV is imposed to suppress the multijet 
background. 

The ZH — )• vDbb selection requires E^^^^ > 
120 GeV. A requirement of p™'''''> 30 GeV is im- 
posed to suppress events with poorly measured 
i?™"''^. Cuts on the difference in azimuthal an- 
gle between the directions of i?™"''' and p™^^^, 
A(j)iE!^'^^,p'^'^^) < 7r/2, and the difference in az- 
imuthal angle between E^^^^ and the nearest jet 
min(A0(i?™"''', jet)) > 1.8 are applied to reduce the 
multijet background, which is dominated by one or 
more jets being mismeasured by the calorimeter. 

The transverse momentum of the vector boson, 
p^, is reconstructed from the two leptons in the 
ZH i+£-bb channel, from the lepton and £'^'"" 
in the WH — > (lybb channel and from E™^^^ in the 
ZH — ^ lyvbb channel. 



^The transverse mass (rriT) is defined from the trans- 
verse momenta and the azimuthal angles of the charged 
lepton (p^ and </)^) and neutrino (p^ and t^"): mx = 

y2p*,p^(l - cos(0* - </.")), where = B^'^^. 



Events in all channels are required to contain ex- 
actly two 6-tagged jets, of which one must have 
PT > 45 GeV and the other px > 25 GeV. If 
is less than 200 GeV the two 5-tagged jets are re- 
quired to have a separation of AR > 0.7, to reduce 
VF-|-jet and Z+^et backgrounds. Additionally, in 
the ZH — > i^Dbb channel a cut on the separation 
between the two jets of AR < 2.0 {AR < 1.7) 
for p^ < 160 GeV (p^ > 160 GeV) is applied 
to reduce the multijet background. Events in the 
ZH — £^£~bb channel may contain additional non- 
&-tagged jets, while, in the WH — £i'bb and 
ZH — >■ viybb channels, events with additional jets 
are rejected, to further suppress top-quark back- 
ground. In the WH — >■ £i'bb analysis, where the 
top-quark background is dominant, events contain- 
ing additional jets with \r]\ < 4.5 and pt > 20 GeV 
are rejected, while in the ZH — >■ vDbb channel the 
selection is restricted to jets with |?7| < 2.5 and 
PT > 25 GeV. 

In the ZH — i^Dbb analysis, further cuts are 
applied on the azimuthal angle between E!^^^^ and 
the reconstructed transverse momentum of the bb 
system, A(l){bb, E!f^^^), to further reject multijet 
background. The cuts are A(l){bb, Ef^''''') > 2.7 for 
120 < Pt < 160 GeV and A0(66, £:^'"") > 2.9 for 
p^ > 160 GeV. 

A search for H ^ bb decays is performed by look- 
ing for an excess of events above the background ex- 
pectation in the invariant mass distribution of the 
6-jet pair (to^;,). The value of the reconstructed 
m^f, is scaled by a factor of 1.05, obtained from 
MC-based studies, to account on average for e.g. 
losses due to soft muons and neutrinos from b and 
c hadron decays. To increase the sensitivity of the 
search, this distribution is examined in bins of p^- 
As the expected signal is characterized by a rela- 
tively hard p^ spectrum, the signal to background 
ratio increases with p^. The and ZH £~^£~bb 
and WH — > £h'bb channels are examined in four 
bins of the transverse momentum of the recon- 
structed W ov Z boson, given by: p^ < 50 GeV, 
50 < < 100 GeV, 100 < pX: < 200 GeV 
and > 200 GeV. In the ZH vvbb search 
three bins are defined: 120 < p^ < 160 GeV, 
160 < p^ < 200 GeV and p^ > 200 GeV. The ex- 
pected signal to background ratios for a Higgs boson 
signal with mn — 120 GeV vary from about 1% in 
the lowest p^ bins to about 10-15% in the highest 
pX bins. For this Higgs boson mass, 5.0% and 2.4% 
of the ZH -J> £+£-bb and WH £vbb events are 
expected to pass the respective analysis selections. 
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with negligible contributions from other final states. 
On the other hand, the ZH vvbb analysis has 
a non-negligible contribution from WH — iubb : 
2.1% of the ZH wbb signal and 0.2% of the 
WH — >■ (.vbb signal are expected to pass the anal- 
ysis selection. 

6. Background Estimation 

Backgrounds are estimated using a combination 
of data-driven and MC-based techniques. Signif- 
icant sources of background include top, W^-|-jet, 
Z-\-]et, diboson and multijet production. The dom- 
inant background in the ZH — £'^£~bb channel 
is Z+jet production. In the WH ^ ivbb chan- 
nel both the top-quark and W^-|-jet production are 
important. In the ZH — ^ vPbb channel, there is 
a significant contribution from top, PF-|-jet, Z+jet 
and diboson production. Multijet production is a 
negligible background, except for the WH — > ii'bb 
channel. 

The flavour composition of the VF-|-jet and Z+jet 
backgrounds is determined partially from data. 

The shapes of the distribution of the top, 
VF-|-jet and Z+jet backgrounds are taken from MC 
simulation, with the respective normalizations be- 
ing determined from data. The ratio of single-top to 
top-pair production is taken from NLO QCD com- 
putations Multijet backgrounds are estimated 
entirely from data. The diboson backgrounds are 
determined from MC simulation with cross sections 
normalized to NLO QCD computations [461.147} ■ 

The flavour composition of the VF-|-jet and Z+jet 
samples is determined using templates produced 
from three exclusive MC samples containing at least 
one true & jet, at least one true c jet, or only light 
jets. The relative normalizations of the three com- 
ponents are adjusted by fitting the distribution of 
the 6-tagging discriminating variable w found in 
MC simulation to the distribution found in con- 
trol data samples dominated by VF-|-jet and Z-|-jet 
events. Once the relative normalizations of the 
flavour components have been fixed, the overall nor- 
malizations are determined from data in a separate 
step. 

Sidebands in the m^i distribution, defined by se- 
lecting events with mj^i < 80 GeV or 150 GeV < 
mj,5 < 250 GeV along with the standard event se- 
lection, are used to normalize the Z+jet, M^-|-jet 
and top backgrounds. 

In addition, two control regions which are dom- 
inated by top-quark production are used to fur- 



ther constrain the normalization of the top back- 
ground. The ZH top control region selects events 
from the sidebands of the Z boson mass peak: 
mu e [60 GeV, 76 GeV] U [106 GeV, 150 GeV] with 
E!^^^^ > 50 GeV, while the WH top control region 
selects -I- 3 jet events with two fe-tagged jets. 

The normalizations of the Z+jet, W^-|-jet and 
top-quark backgrounds are determined in the 
ZH ->■ i+£-bb or WH ->■ ivbb channels, by si- 
multaneous fits to the sidebands of the rrifji distribu- 
tions, and either the ZH or WH top control regions 
defined above. In the WH sideband fit, the nor- 
malizations of the top-quark, the W+2 jet and the 
W+i jet distributions are varied. In the ZH side- 
band fit, the normalizations of the top-quark and 
Z+iet backgrounds are left fioating. The normal- 
izations of the remaining sub-leading backgrounds 
are left fixed in the fit at their expectation values 
from Monte Carlo predictions, except for multi-jet 
production which is estimated from data. The rela- 
tive data to MC normalization factors for top-quark 
background agree with unity to within 20% in both 
the ZH £+£-bb or WH ivbb sideband fits. 
The normalization of the top-quark background in 
the ZH i^i^bb signal region is based on the 
ZH sideband and control region fit result, while 
the normalization of the same background in the 
ZH — > £^£^bb and ZH — > j^Dbb signal regions is 
based on the WH sideband and control region fit re- 
sult. Monte Carlo predictions are used to extrapo- 
late the Z-|-jet (iy-|-jet) normalizations determined 
in the ZH £+£-bb (WH £vbb ) sidebands 
to the signal regions of all three channels. The 
normalization factors for VF-l-jet and Z-fjet range 
from 0.8 to 2.4 depending on jet flavour and multi- 
plicity. The MC to data normalization factors are 
applied to several additional control samples with 
selections to enhance the Z, W or top-quark contri- 
butions. After these corrections are applied, good 
agreement is found with the data in both shape and 
normalization within the statistical and systematic 
uncertainties. 

The backgrounds from multijet events are esti- 
mated entirely from collision data. For the ZH ^• 
£~^£~bb channel, the multijet background normal- 
ization is determined from the sidebands of the 
mu distribution in events containing at least two 
jets, and is found to contribute less than 1% and 
is therefore neglected. Multijet E!^^^^ templates for 
the WH — > £i^bb channel are obtained by selecting 
events with lepton candidates failing the charged 
lepton analysis selection, but satisfying looser lep- 
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ton selections. The normalization is determined by 
fitting these templates to the E}^^^^ distribution. A 
30% uncertainty is determined from a comparison 
between the normalized templates and the data in 
a multijet-dominated control region, defined by re- 
quiring £;^j?'"" < 25 GeV and mx < 40 GeV. 

In the ZH — > vDbb channel, the multijet 
background is estimated using three control re- 
gions defined using two variables, A(j){E^^^^ , pf^^^) 
and min(A(/)(£'™'***', jets)), which showed no ap- 
preciable correlation. The ratio of events 
with A(/)(£;™'"%jet) > 1.8 to those with 
min(A(/)(i?™'*'^, jet)) < 1.8 is determined for events 
with A0(£;^'''^p^p''''^) > 7r/2. This ratio is then 
applied to events with A0(£;f'''^^p|"'''^) < 7r/2 to 
estimate the multijet background in the signal re- 
gion. Upper estimates of the multijet contami- 
nation in the signal region are found to be 0.85, 
0.04 and 0.26 events for 120 < < 160 GeV, 
160 <p^< 200 GeV and > 200 GeV, respec- 
tively. The accuracy of the estimate is limited by 
the number of events in the control regions. 

The distribution of to« in the ZH — i^l~bb 
channel is shown in Fig. [IJa) after all analysis 
requirements have been applied (except for the 
di-lepton mass cut), including the requirement of 
two 6-tagged jets. The signal region is seen to 
be dominated by Z+jet with smaller contribu- 
tions from top-quark and diboson production. The 
E^^^^ distribution in the WH — )■ Ivbb channel 
is shown in Fig. [ijb) after all requirements, ex- 
cept for the TTT-T and EJ^^^^ cuts. The signal re- 
gion is seen to have large contributions from top- 
quark production and M^-t-jet, with smaller con- 
tributions from the multijet background, Z+jet 
and diboson production. Figures [TJc) and [T]Jd) 
show the A0(i;^'''%p^'"'') and min(A(/)(£;^'"", jet)) 
distributions for the ZH -> I'Dbb channel, af- 
ter all requirements except for those applied to 
these variables. The multijet background shape 
in Figure [ijc) is obtained from data events with 
min(A0(i!;™'''^jet)) < 0.4, after subtracting the re- 
maining backgrounds, and normalized to the data 
in the region defined by A0(i;^'''",p^'"") > tt/2. 
In Figure [IJd), the multijet shape is obtained from 
events with A(?!)(£'^"*'^,pJp'^'') > n/2 and normalized 
to data events with min(A(?!)(£'f''*'^, jet)) < 0.4. 

It can be seen that the requirements on these 
variables effectively reduce the multijet back- 
ground. The signal region has large contributions 
from Z+jet and top, with smaller contributions 
from the VF+jet, diboson production and multijet 



backgrounds. For all distributions, the data are rea- 
sonably well described by MC simulation and the 
multijet background, which was determined from 
data. 

7. Systematic Uncertainties 

The sources of systematic uncertainty considered 
are those affecting the various efhciencies (recon- 
struction, identification, selection), as well as the 
momentum or energy of physics objects, the nor- 
malization and shape of the mf,^ distribution of 
the signal and background processes, and the in- 
tegrated luminosity. Among these, the leading in- 
strumental uncertainties for all channels are related 
to the uncertainty on the 6-tagging efficiency, which 
varies between 5% and 19% depending on the 6- 
tagged jet pr [13], and the jet energy scale (JES) 
for 6-tagged jets which varies between 3% and 14% 
depending on the jet px and rj . The px depen- 
dence of the 6-tagging efficiency has been consid- 
ered, based on the full covariance matrix of the mea- 
sured 6-tagging efficiency in jet pT intervals 42 1. 
The uncertainty on the flavour composition of the 
Z + jet and W + jet background is estimated by 
varying the fraction oi Z + c-jets and W + c-jets by 
30% as derived from the fit described in Section [51 

The uncertainties on the SM Higgs boson inclu- 
sive cross sections are evaluated by varying the fac- 
torization and renormalization scales, and by tak- 
ing into account the uncertainties on the PDFs, on 
the strong coupling constant and on the H ^ bb 
branching fraction. These uncertainties are esti- 
mated to be w 4% for both WH and ZH produc- 
tion and are treated according to the recommenda- 
tions given in Refs. 2l|, |49„ 50J- Additional uncer- 



tainties are considered, as a function of the trans- 
verse momentum of the W and Z bosons, which 
range from « 4% to sa 8%, depending on chan- 
nel and on the p^ or p^ interval. These corre- 
spond to the difference between the inclusive and 
differential electroweak corrections [12,, 2^ , and to 
differences in acceptance between the Pythia and 
Powheg-I-Herwig generators. The latter arise 
mainly from the perturbative QCD model uncer- 
tainty caused by rejecting events with three or more 
jets in the WH — )■ ii/bb and ZH vvbb analyses. 

The uncertainties on the normalizations of the 
Z-l-jet, W^-l-jet and top-quark backgrounds are 
taken from the statistical uncertainties on the fits 
to control regions and m^^l sidebands (see Section[B]) 
and from variations of the nominal fit result induced 
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Figure 1: (a) The dilepton invariant mass distribution in the ZH — > t^l bb channel, (b) the missing transverse energy without 
the rri'Y requirement in the WH — > Ivbb channel, (c) the azimuthal angle separation between _E™"^'^ and p™'"" and (d) the 
minimum azimuthal separation between i?™""^ and any jet in the ZH — > vvbh channel. All distributions are shown for events 
containing two 6-tagged jets. The various Monte Carlo background distributions are normalized to data sidebands and control 
distributions and the multi-jet background is entirely estimated from data as described in the text. The vertical dashed lines 
correspond to the values of the cuts applied in each analysis, and the horizontal arrows indicate the events selected by each 
cut. 



by the remaining sources of systematic uncertainty. 
The resuhing normahzation uncertainties are ap- 
phed to the ZH — > vvbb channel. A correlation 
between the normalizations of the VF+jet and top- 
quark backgrounds is introduced by the simulta- 
neous fit to the m^g sidebands and the WH top 
control region in the WH — >■ ivbb channel. This 
correlation is taken into account when transferring 
to the ZH — ^ vvhh channel the uncertainties on the 
normalization of these backgrounds. 

The background normalization corrections are 
determined in an inclusive way, using all selected 
events in the ZH — >■ £+i~bb and WH ivbb chan- 
nels, and the shape of the mf,^ and distribu- 



tions are in each case taken from the MC simu- 
lation. Therefore, a possible mismodelling of the 
underlying inf,i and distributions, as predicted 
by the MC generators, is also considered. An un- 
certainty due to the shape of the distribution for 
the Z+]et background in the ZH — > £^£^bb chan- 
nel is estimated by finding variations of the MC 
p^ distribution in the m^f, sidebands which cover 
any differences between MC simulation and data. 
The m{,5 distribution of simulated Z-|-jet events is 
then reweighted according to these variations, to 
estimate the effect on the final results. An un- 
certainty due to the modelling of VF-|-jet in the 
WH — > £vbb channel is estimated by reweighting 
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the p}^ and TOf,^ distributions of simulated M^+jet 
events by variations motivated by a comparison 
of different theoretical models (Powheg+Pythia, 
Powheg+Herwig, aMC@NLO+Herwig [iH 
and Alpgen+Herwig). Theoretical uncertainties 
of 11% and 15% are applied to the normalization 
of the diboson samples and the single-top sample, 
respectively. The normalization uncertainty for the 
multijet background is taken to be 30% for WH — >■ 
ivbb, as described in Section [6] For ZH — > £^£^bb 
and ZH — >■ vDbb this background is found to be neg- 
ligible. The uncertainty in the integrated luminos- 
ity has been estimated to be 3.9% 15, T^. This un- 
certainty is applied only to backgrounds for which 
the normalization is not taken directly from a com- 
parison between data and MC simulation. Where 
it is applied, this systematic uncertainty is assumed 
to be correlated among the different backgrounds. 



8. Results 

The analysis is performed for five Higgs boson 
mass hypotheses between 110 GeV and 130 GcVand 
the signal hypothesis is tested based on a fit to the 
invariant mass distribution of the 6-jet pair, m^,^, in 
the signal region (80 < m^^ < 150 GeV). The m^f, 
distribution is shown in Figs. [2] -|4] for each channel, 
separately for different ranges of p^. The data dis- 
tributions are overlaid with the expectations from 
the MC simulation and data-driven backgrounds. 
Within the experimental uncertainty, the data show 
no excess over the background expectation. The 
signal shape is dominated by the experimental res- 
olution on the jet energy measurement. The mi,i 
resolution for signal events is about 16 GeV on av- 
erage. 

The number of events in the signal region se- 
lected in data is shown in Table [1] for each chan- 
nel. The expected number of signal events for 
rriH = 120 GeV is also shown, along with the corre- 
sponding estimated number of background events. 
Also shown are the relative systematic uncertain- 
ties on the signal and total background yields aris- 
ing from the following sources: 6-tagging efficiency 
and mis-tag rate, background normalization, jet 
and E^^^^ uncertainties, lepton reconstruction and 
identification, integrated luminosity, overlaid colli- 
sion events (pileup), and uncertainties on the MC 
predictions (theory). Uncertainties on the shape of 
the mfii distribution are also taken into account in 
the fit. 



For each Higgs boson mass hypothesis, a one- 
sided upper limit is placed on the ratio of the Higgs 
boson production cross section to its SM value, 
^ = (t/(Tsm, at the 95% confidence level (CL). The 
exclusion limits are derived from the CL^ (s^ treat- 
ment of the p- values computed with the profile like- 
lihood ratio 53|, as implemented in the RooStats 
program [H^, using the binned distribution of mf,j,. 
The systematic uncertainties are treated by mak- 
ing the expected rrif^i templates and sample nor- 
malizations dependent on additional fit parameters 
("nuisance parameters"), one for each systematic 
uncertainty, which are then constrained with Gaus- 
sian terms within their expected uncertainties. The 
dependence of the mf,^ shapes on the nuisance pa- 
rameters is described with bin-by-bin linear inter- 
polation between the corresponding +la or —la 
variations and the nominal case. 

The resulting exclusion limits are listed in Ta- 
ble for each channel and for the statistical combi- 
nation of the three channels. They are also plotted 
in Fig.[5j The limits are expressed as the multiple of 
the SM Higgs boson production cross section which 
is excluded at 95% CL for each value of the Higgs 
boson mass. The observed upper limits range be- 
tween 7.7 and 14.4 for the ZH £+£~bb channel, 
between 3.3 and 5.9 for the WH — (lybb channel 
and between 3.7 and 10.3 for the ZH — vDbb chan- 
nel, depending on the Higgs boson mass. The com- 
bined exclusion limit for the three channels together 
ranges from 2.5 to 5.5 times the SM cross section, 
depending on the Higgs boson mass. The limits in- 
clude systematic uncertainties, the largest of which 
arise from the top, Z+jet, and W^-|-jet background 
estimates, the ^-tagging efficiency, and the jet en- 
ergy scale. The systematic uncertainties weaken the 
limits by 25 — 40% depending on the search channel. 



9. Summary 

This Letter presents the results of a direct search 
by ATLAS for the Standard Model Higgs boson pro- 
duced in association with a. W oi Z boson. The 
following decay channels are considered: ZH — > 
£+£-bb, WH £vbb and ZH uDbb, where £ 
corresponds to an electron or a muon. The mass 
range 110 < mn < 130 GeV is examined for five 
Higgs boson mass hypotheses separated by 5 GeV 
steps. The three channels use datasets correspond- 
ing to 4.6 - 4.7 fb~^ oipp collisions at y/s = 7 TeV. 
No significant excess of events above the estimated 
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Figure 2: The invariant mass m^jj for ZH — > £^£ bb shown for the different bins: (a) < < 50 GeV, (b) 50 < < 
100 GeV, (c) 100 < pf < 200 GeV, (d) pf > 200 GeV and (e) for the combination of all p| bins. The signal distributions are 
shown for rriu = 120 GeV and are enhanced by a factor of five for visibility. The shaded area indicates the total uncertainty on 
the background prediction. For better visibility, the signal histogram is stacked onto the total background, unlike the various 
background components which are simply overlaid in the figure. 
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Figure 3: The invariant mass m^j^ for WH — > lubb shown for the different pjjf bins: (a) < pjjf < 50 GeV, (b) 50 < pjjf < 
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Figure 4: The invariant mass rrifjj for ZH —> uvhb shown for the different bins: (a) 120 < p| < 160 GeV, (b) 160 < p| < 
200 GeV, (c) py > 200 GeV and (d) for the combination of all p^ bins. The signal distributions are shown for m^f = 120 GeV 
and are enhanced by a factor of five for visibility. The shaded area indicates the total uncertainty on the background prediction. 
For better visibility, the signal histogram is stacked onto the total background, unlike the various background components which 
are simply overlaid in the figure. 



backgrounds is observed. Upper limits on Higgs bo- 
son production, at the 95% confidence level, of 2.5 
to 5.5 times the Standard Model cross section are 
obtained in the mass range 110— 130 GeV. The ex- 
pected exclusion limits range between 2.5 and 4.9 
for the same mass interval. 
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Table 1; Number of data, simulated signal, and estimated background events in each bin of for the WH — > iubb , 
ZH — > i'^i^bb and ZH uvbb channels. The signal corresponds to a Higgs boson mass of rajj = 120 GcV. The number of 
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signal 


1.3 ± 0.1 


1.8 ± 0.2 


1.6 ± 0.2 
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5.1 ± 0.6 
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17.4 
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Components of the relative systematic uncertainties of the background [%] 


b-tag eff 


1.4 
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luminosity 


0.2 


0.1 


0.2 


0.4 


0.1 
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Components of the relative systematic uncertainties of the signal [%] 


fe-tag eff 
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Table 2; The observed and expected 95% CL exclusion limits on the Higgs boson cross section for each channel, expressed in 
multiples of the SM cross section as a function of the hypothesized Higgs boson mass. The last two columns show the combined 
exclusion limits for the three channels. 
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[GeV] 
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Obs. 


Exp. 


Obs. 
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Figure 5: Expected (dashed) and observed (solid line) exclusion limits for (a) the ZH — > £~^£~bb , (b) WH — > li/bb and (c) 
ZH vvbb channels expressed as the ratio to the SM Higgs boson cross section, using the profile-likelihood method with CLs- 
The dark (green) and light (yellow) areas represent the Icr and 2a ranges of the expectation in the absence of a signal, (d) 
shows the 95% confidence level exclusion limits obtained from the combination of the three channels. 
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T. Cuhadar Donszelmann^^s, M. Curatolo^^, C.J. Curtisi^, C. Cuthbert^s", P. Cwetanski^o, H. Czirr"\ 

P. Czodrowski^s^ Z. Czyczulal^^ S. D'Auria^^, M. D'Onofrio^^^ A. D'Orazio"2a,i32b^ 

M.J. Da Cunha Sargedas De Sousai24a^ q Via^^^ ^ Dabrowski^^, A. Dafinca"^ T. Dai«^ 

C. Dallapiccola^'', M. Dam^s, M. DameriSO^-^"^^ p g Damianii^^^ H.O. Danielsson29, V. Dao*^ 

G. DarboSO'^, G.L. Darlea25b, w. Davey20, T. Davideki26, N. DavidsonS^, R. Davidson^i, E. Davies^i^.c^ 
M. Davies^^, A.R. Davison'^'^, Y. Davygora^*"", E. Dawe"^, L Dawson^^^, R.K. Daya-Ishmukhametova^^, 
K. De^ R. de Asmundisi°2a^ s. De Castroi^'^'i^i^, S. De Cecco^^ J. de Graat9^ N. De Grootio^^ 
P. de Jongi°5, C. De La Taille"^ H. De la Torre^o, F. De Lorenzi^s, L. de Mora^\ L. De Nooiji"'\ 

D. De Pedisi32a^ ^ p)g Salvo^^^a^ jj jy^ Sanctisi*5^*'i*5^^ A. De Santo"^, J.B. De Vivie De Regie"^, 

G. De Zorzii32a,i32b^ ^ j Dearnaley^i, R. Debbe24, C. Debenedetti^^ B. Dechenaux^s, D.V. Dedovich^^, 

J. Degenhardti20, C. Del Papai64a,i64c^ j_ pj^j pesoSO, T. Del Pretei22a,i22b^ ^p Delemontex^s, 

M. Deliyergiyev", A. Dell'Acqua29, L. DelFAsta^^, M. Delia Pietra^o^a.j^ ^ ^gUg, Volpei02a,i02b^ 

M. Delmastro'', P.A. Dclsart5^ C. Delucal°^ S. Demers^'^'^, M. Demichev^'', B. Demirkoz"'', J. Deng^^^^ 

S.P. Denisovi28, D. Derendarz^s, J.E. Derkaouii^^^, F. Derue''^, P. Dervan^^^ K. Desch20, E. Devetak"^ 

P.O. Deviveirosl°^ A. Dewhurst^^s, B. DeWilde"^ S. Dhaliwal^^^, R. DhuUipudi^^-™, 

A. Di Ciaccioi33a,i33b p. Di Ciaccio^, A. Di Girolamo^s, B. Di Girolamo^", S. Di Luisei34a,i34b 
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A. Di Mattia^^^^ g Micco^^, R. Di Nardo^^, A. Di Simone^^^^'^^^'', R. Di Sipio^^^'^'i^^, M.A. Diaz^i^, 

E. B. Diehl87, J. Dietrich^i, T.A. Dietzsch^s^ S. Diglio^e, K. Dindar Yagci^^, J. Dingfelder^", F. Dinut^^a, 

C. Dionisi^32a,i32b^ p Dita25a^ Dita^s*^, F. Dittus^^, F. Djama^^^ T. Djobava^^'^, M.A.B. do Vale^^c^ 

A. Do Valle Weniansi24a,n, T.K.O. Doan^, M. Dobbs^^, R. Dobinson^S'*, D. Dobos^s, E. Dobson^S'", 
J. Dodd34, C. Doglioni'is, T. Doherty^^^ Y. Doi^s.*, J. Dolejsii^e, I. Dolenc^*, Z. Dolezali^e, 

B. A. Dolgoshein^*^'*, T. Dohmael5^ M. Donadelli^^d, J. Donini^s, J. Dopke^^, A. Doria^^^a^ 

A. Dos Anjosi^3^ A. Dottii22a,i22b^ y^ rj. j^Q^gjo^ A.D. Doxiadisl°^ A.T. Doyle^^ M. Dris^, J. Dubbert^^, 
S. Dube", E. Duchovnii^^ G. Duckeck^^, A. Dudarcv^^, F. Dudziak^^ M. Diihrssen^^, LP. DuerdothS^, 
L. Duflot"-\ M-A. Dufour8^ M. Dunford^o, H. Duran Yildiz^^, R. Duxficldi^s, M. Dwuznik^^, 

F. Dydak^s, M. Diircn''^^^ J. Ebkc^^, S. Eckwcilcr*\ K. Ednionds^\ W. Edson\ C.A. Edwards^*^, 
N.C. Edwards^^^ Ehrenfeld^'i, T. Eifert^^^^^ q Eigcn^^, K. Einsweileri'^, E. Eiscnhandler'^^ 
T. Ekelofi66, M. El Kacimii^s^, M. EUerti^e^ S. Files'^, F. Ellinghaus*\ K. Ellis'^-\ N. Ellis^^, 

J. Elmshcuscr^^, M. Elsing^*^, D. Emcliyanoyi^s, R. Engel^lannl'*^ A. Engl'^^, B. Epp^'^, J. Erdmann^^, 

A. Ereditatois, D. Erikssoni'^Sa^ j_ Ernst^, M. Ernst^^, J. Ernwcini^^, D. Errcdcl'^^ S. Eriede^^^, 

E. Ertel^i, M. Escalicr"^ H. Esch^^, C. Escobari23^ x. Espinal CuniU", B. Esposito'^^ F. Etienne^^^ 

A. I. Etionvrci'''^ E. Etzioni^^^ ^ Evangelakou''^'^, H. Evans^", L. Fabbrii^'^-i^'^, C. Fabrc^^, 

R.M. Fakhrutdinovi28, S. Falcianoi-^^a^ y. Fangi^-\ M. Fanti^^''^'^'^'^, A. Farbin^, A. Farillai'''4a, J. Farley"^ 
T. Farooquc^''^^ S. Farrcll"''\ S.M. Farrington"^, P. Farthouat^", P. Fassnacht^^ D. Fassouliotis*, 

B. Fatholahzadchi'^^ A. Favareto*^^^^^'^*', L. Fayard"^ S. Fazio^e^^seb^ ^ Fcbbraro-'^-\ P. Fcdcrici44a^ 

0. L. Fedini2i, W. Fcdorko'^^ M. Fohling-Kaschck^s, L. Fcligioni*^, D. Fellmann'\ C. Fcng^^d^ Feng^ 
A.B. Fenyuk^^*, J. Fcrcncci^44b^ Fernando'"', S. Fcrrag''''', J. Fcrrando^'^, V. Ferrara^^, A. Fcrrari^^^, 

P. Ferrari^"^, R. Fcrrari^^^^, D.E. Ferreira do Lima'"^"^, A. Fcrrcr^®'^, D. Fcrrcre^^, C. Fcrrctti*^, 

A. Ferretto Parodi^O''^'™'', M. Fiascaris^o, F. Ficdlcr*^\ A. Filipcic'^^^ p_ Filthaut^o^^ m. Finckc-Kcclcri69, 

M.C.N. Fiolhaisi24a,'«^ l. Fiorinii^^^ A. Firan^^, G. Fischer^i, M.J. Fisheri"^, M. Flcchl^s, L Flccki^i, 

J. Flcckner^i, P. Fleischmann""*^ g_ Fleischnianni^-\ T. Flickl'^^ A. Floderus'^^ L.R. Flores Castillo^'^^^ 

M.J. Flowerdew^^, T. Fonseca Martin^*^, A. Formica"'^, A. Forti^^^ £>_ Fortini^^'', D. Fournier"^ H. Fox^\ 

P. Francavilla", M. Franchinii^'^'i^b, S. Franchino"9'^'"9b^ d. Francis^^, T. Frank^^^ S. Franz^^, 

M. Fraternali"^'''"^'', S. Fratinai^o, S.T. French^^, C. Friedrich^i, F. Friedrich^^, R. Froeschl^^, 

D. Froidevaux29, J.A. Frost^"^, C. Fukunaga^^^ E. FuUana Torregrosa^^, E.G. Fulsom^s^ J. Fusteri^"^, 

C. Gabaldon29, O. Gabizon^^^^ T. Gadfort^^, S. Gadomski^s, G. GagliardiSO'^-sob^ p. Gagnon^", C. Galea^^, 

E. J. Gallas"^ V. Gallo^^, B.J. Gallop^^o, p. Gallusi2'\ K.K. Gan^^^, Y.S. Gao^^^^", A. Gaponenko^^, 

F. Garbersoni^e^ M. Garcia-Sciveres", C. Garcfai^^, J.E. Garcia Navarroi67, R,w. Gardner^o, 

N. Garelli^s, H. Garitaonandialo^ V. Garonne^^, J. Garvey^^ C. Gatti*^, G. Gaudio^^a^ b. Gaur"i, 
L. Gauthiori-'^^ P. Gauzzii32a432b^ j l_ Qavrilcnko^^, C. Gay^^s, G. Gaycken^", E.N. Gazis^ P. Go32d^ 
Z. Gecsel6^ C.N.P. Gee^^s, D.A.A. Geerts^o^, Gh. Geich-Gimbcpo, K. Gellerstedt"^^'"^'', C. Gemme^o^, 
A. Gemmell^^^ M.H. Genest^^, S. Gentilei32a,i32b^ ^ Georgc^^ g Gcorge^^^ P. Gerlachl7^ A. Gershoni^^^ 

C. Geweniger^^a, H. Ghazlanci^'"^'', N. Ghodbanc'''^ B. Giacobbcl■'^ S. Gmgii^^^''^^^^^' , 

V. Giakoumopoulou^, V. Giangiobbe", F. Gianotti^^, B. Gibbard^^, A. Gibsoni^s, S.M. Gibson^^, 

D. Gillborg2S, A.R. Gillmani^s, D.M. Gingrich^''', J. Ginzburgi^s, N. Giokaris^, M.P. Giordanii^^c^ 
R. Giordanoi"2a,i02b^ p_j^,p Giorgi^^ P. Giovannini^^, P.F. Giraud^e, D. Giugni^s^, M. Giunta^^, 

P. Giustii^*^, B.K. Gjelsten"'', L.K. Gladilin^^ G. Glasman^o, J. Glatzer^s, A. Glazov^i, K.W. Glitza^^^ 

G. L. Glonti^^, J.R. Goddard''^ J. Godfrey"^^ J. GodlewskP, M. Goebel^\ T. Gopfert'*^^ C. Goeringer*^\ 
C. G6ssling42, S. Goldfarb^^ T. Gollingi^^ A. Gomesi24a,b^ l.S. Gomez Fajardo^'i, R. Gongalo^^ 

J. Goncalves Pinto Firmino Da Costa'*^, L. Gonella^°, S. Gonzalez^^^, S. Gonzalez de la Hoz^^'', 
G. Gonzalez Parra^^, M.L. Gonzalez Silva^^, S. Gonzalez-Sevilla^®, J.J. Goodson^^s^ l Goossens^^, 
P.A. Gorbounov^s, H.A. Gordon24, L Goreloyio^^ G. Gorfinel^^ B. Gorini^s, E. Gorini72a,72b^ 
A. Gorisek74^ g Gornicki^s, B. Gosdzik4i, A.T. Goshaw^, M. Gosselinki°5, M.I. Gostkin64, 

1. Gough Eschrichi63, M. Gouighrii^Sa^ d. Goujdamii^Sc^ m.P. Goulette^^^ A.G. Goussiou^^s^ q q^^a^ 
S. Gozpinar22, I. Grabowska-Bold^^, p. Grafstromi^^^i^'', K-J. Gralin4i, F. Grancagnolo^^a^ 

S. Grancagnolois, V. Grassi"^, V. Gratcheyi^i, N. Grau34, H.M. Gray^^, J.A. Gray^s, E. Graziani^^^a^ 
O.G. Grebenyuki2i, T. Greenshaw^^, Z.D. Greenwood^^''", K. Gregersen^^, I.M. Gregor4i, P. Grenier^^a, 
J. GriiBths^^s^ jv^ Grigalaslivili*5^, A.A. Grillo^^y^ g Grinsteini\ Y.V. Grishkevich^^ J.-F. Grivazll^ 
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E. Grossi^^ J. Grosse-Kncttcr'^4, J. Groth-Jenseni^^^ K. Grybeli'^\ D. Guestl^^ C. Guicheney^^^^ 
A. Guida^2a,72b^ Guindon^^^ U q^jss^ jj_ Guler^^.P, J. Gunther^^s, B. Guo^^s, J. Guo^^, 

P. Gutierrez"!, N. Guttman^s^^ O. Gutzwiller^^s^ G. Guyot^^e, C. Gwenlan"^ C.B. Gwilliam^^^ 

A. Haasi43, S. Haas^^, C. Haber^^, H.K. Hadavand^^, D.R. Hadley^^ P. Haefner^o, F. Hahn^^, 

S. Haider29, Z. Hajduk^^, H. Hakobyani^^ D. Hall"^ J. HallerS^, K. Hamacher"^ P. Hanial"^^ 

M. Hanier54, A. Hamiltoni^sb^-?^ S. Hamiltoni^i , L. Run^^^, K. Hanagaki"^^ k. Hanawai'^o, M. Hance", 

C. Handel^i, P. Hanke^^^, J.R. Hansen^^, J.B. Hansen^s, J.D. Hansen^s, P.H. Hansen^s, P. Hansson^^^, 
K. Haraiso^ Q.A. Hare^^^^ T. Harenberg"^, S. Harkusha^", D. Harpers'^, R.D. Harrington'*^ 

O.M. Harrisi38, J. Hartert'*^ F. Hartjesi"^^ T. Haruyama^^, A. Harvey'^^ S. Hasegawai°\ Y. Hasegawa!"*", 
S. Hassanii36^ S. Haug^^, M. Hausehild^^, R. Hauser^^ M. Havranek^o, CM. Hawkes*^, R.J. Hawkings^^, 

A. D. Hawkins^^, D. Hawkins^es^ T. Hayakawa^^^ ^ Hayashii^o, D. Hayden^^^ Q p Hays"^, 
H.S. Hayward^^^ sj_ Haywoodi^s, M. He^^^^ S.J. Head^^ V. Hedberg^^ L. HeeW, S. Heim^^^ 

B. Heinemann", S. Heisterkamp^s, L. Helary^i, G. Heller^^, M. Heller^", S. Hellmani^Sa.web^ 

D. Hellmich^o, C. Helsens", R.C.W. Henderson^\ M. Henke''^*'", A. Henrichs''^'', A.M. Henriques Correia^^, 
S. Henrot-Versille"^ C. Hensel^'', T. He^6l■^^ CM. Hernandez^, Y. Hernandez Jimenezi^'^, R. Herrberg^^, 
G. Herten''*, R. Hertenbcrger9^ L. Hervas^o, G.G. Hesketh'^^, N.P. Hesseyi"'\ E. Higon-Rodriguezi^^^ 
J.C Hill27, K.H. Hiller^i, S. HiUert^", S.J. Hillierl^ I. Hinchliffe", E. Hinesi^o, M. Hirose"^^ F. Hirsch42, 
D. Hirschbuehli^'\ J. Hobbs^s, N. Hodi'^^ M.C Hodgkinsoni-^'\ P. Hodgsoni-^'\ A. Hoecker^^, 

M.R. Hoeferkampio-\ J. Hoffman'"'^, D. Hoffniann«^\ M. Holilfeld«\ M. Holderi^i, S.O. Holnigrcni^Sa^ 

T. Holyi27^ j.L. Holzbauer*^, T.M. Hongi^o, L. Hooft van Huysduyncnlo^ C. Horni^s^ S. Horncr^s, 

J-Y. Hostachy5^ S. Houi^i, A. Hounimadai-''''^'\ J. Howard"^, J. Howarth^^ I. Hristoval^ J. Hrivnac"^ 

T. Hryn'ova^, P.J. Hsu*^*, S.-C Hsu*"*, Z. Hubaceki^^^ p. Hubaut^^^ F. Huegging^o, A. Huettmann^i , 

T.B. Huffnlan"^ E.W. Hughes^^, G. Hughes^i, M. Huhtinen^s, M. Hurwitzi"*, U. Huseniann^i, 

N. Huseynov64^'-, J. Huston^*, J. Huth'", G. lacobucci^^ G. lakovidis^ M. Ibbotson*^^^ I. Ibragimoyi^i, 

L. Iconomidou-Fayard*^^, J. Idarraga**^, P. lengo^"^^, O. Igonkina*"'"^, Y. Ikegami®^, M. Ikeno^^, 

D. Iliadisl5^ N. llic^^^, T. Ince^o, J. Inigo-Golfin^^, P. Ioannou^ M. Iodicei34a^ ^ Iordanidou^ 

V. Ippolitoi32a,i32b^ jj.igg Quiiesi67^ Q Isaksson^^'^^ Ishino^^, M. Ishitsuka^^^, R. Ishmukhametov^^, 

G. Issever"8, S. Istin^^a^ A.V. Ivashin^^s, W. Iwanski^s, H. Iwasaki^^, J.M. Izen^o, V. Izzo*°2a^ 

B. Jacksoni20, J.N. Jackson^^^ M. Jackson^^^ P. Jackson"3, M.R. JaekeP^, V. Jain^o, K. Jakobs^^, 

S. Jakobsen^s, T. Jakoubek^^s, J. Jakubeki27, D.O. Jamin^si, ^ Jana*", E. Jansen^^ H. Jansen^^, 

A. Jantsch^^ M. Janus'*^ G. Jarlskog'^^ L. Jeanty", I. Jen-La Plante^o, P. Jenni^^, A. Jeremie'', P. Jez^^, 

S. Jezequel^ M.K. Jhai^^^, H. Ji^^^^ W. Ji^i, J. Jia"^^ Y. Jiang32b, M. Jimenez Belenguer^i, S. Jin32a, 

O. Jinnouchii57, M.D. Joergensen^^, D. JofTe^^, M. Johansen^^^a.web^ g Johanssoni4*5^, 

P. Johanssoni39, S. Johnert^i, K.A. Johns^, K. Jon-And^^'^'^et^ q. Jones^^o, R.W.L. Jones^\ 

T.J. Jones73^ C. Joram^^, P.M. Jorgei24a^ k.D. Joshi82, j jovicevic^^^ T. Jovini^b, x. Ju^^^^ G.A. Jung42, 

R.M. Jungst29, V. Juraneki25^ p jussel^\ A. Juste Rozas", S. Kabana^^, M. Kaci^'^'^, A. Kaczmarska^^, 

P. Kadlecik^s, M. Kado"^ H. Kagan^o^, M. Kagan'", E. Kajomovitzi52^ S. Kalinini^^^ 

L.V. Kalinovskaya^'', S. Kama^^, N. Kanaya^^s^ j^j Kaneda29, S. Kaneti27, T. Kannoi", V.A. Kantserov9^ 

J. Kanzaki^s, B. Kaplan^^^ A. Kapliy^", J. Kaplon29, D. Kar^^, M. Karagounis20, K. Karakostas'', 

M. Karncvskiy4i, V. Kartvelishvili^i, A.N. Karyukhini^s, L. Kashif^^^^ q Kasieczka^^b^ ^l.D. Kass^"^, 

A. Kastanas", M. Kataoka"*, Y. Kataokal5^ E. Katsoufis^ J. Katzy^i, V. Kaushik^, K. Kawagoe'^^ 
T. Kawamoto^^^ G. Kawamura*\ M.S. Kayll°^ V.A. Kazanin^o^, M.Y. Kazarinov^*, R. Keeler^'^'', 
R. Kehoe39, M. Keil^'', G.D. Kekelidze^"^ j s. Keller^^s, M. Kenyon^^, O. Kepkai25, N. Kcrschen29, 

B. P. Kersevan7^ S. Kersten^^s^ K. Kessokui^s, j. Keungi^s, f. Khalil-zadai°, H. Khandanyani^s, 
A. Khanovii2^ ^ Kharchenko^^, A. Khodinov^*^, A. Khomich^^*, T.J. Khoo27, G. Khoriauli20, 

A. Khoroshiloyi^^ V. Khovanskiy^^^ E. Khramov^", J. Khubua'"'', H. Kimi^'^a.web^ g jj_ Kimi^o, 

N. Kimurai^i, O. Kindl^ B.T. King^^^ M. King^e, R.S.B. King"^, J. Kirki29, A.E. Kiryunin^^, 

T. Kishimoto<'^ D. Kisielewska^^, T. Kittelmanni23, E. Kladiva^^^'', M. Klein^^^ y Klein^^^ 

K. Kleinknecht^i, M. Klemetti8^ A. Klieri^2^ p Klinieki46a,i46b^ ^ Klimentov24, R. Klingenberg'*2, 

J.A. Klinger82, E.B. Klinkby^^, T. Klioutchnikova29, P.F. Kloki°4, s. Klouslo^ E.-E. Kluge^^a^ rj. Kluge^^ 

P. Kluitl°^ S. Kluth^s, N.S. Knechtl5^ E. Kneringer^i, E.B.F.G. Knoops^^^ A. Knue^^, B.R. Ko^^, 

T. Kobayashil5^ M. KobeF, M. Kociani^^^ p Kodysi26^ k. K6neke29, A.G. Konigio^, S. Koenig^S 
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L. Kopke^S F. Koetsveld^o^, P. Koevesarki^o, T. Koffas^^, E. KoSeman^^^, L.A. Kogan"^ 

S. Kohlmanni^s^ F. Kohn^*, Z. Kohouti^^^ T. Kohriki^s, T. Koi"3, Q.M. Kolacheyio^^*, H. Kolanoskii^, 

V. Kolesnikov64, 1. Kolctsou*^^^, J. Koll^^ M. KoUefrath^s , A.A. Komar^^, Y. Komorii^s^ T. Kondo^^, 

T. Kono4l■^ A.I. Kononov^s, R. Konoplichios.*, N. Konstantinidis^^ S. Koperny^^ K. Korcyl^s, 

K. Kordasi54, A. Korn"^, A. Koroli"^ I. Korolkov", E.V. Korolkovai^a, V.A. Korotkoyi^s, O. Kortner^^, 

S. Kortner^s, V.V. Kostyukhin^o , S. Kotov^^, V.M. Kotov^^, A. Kotwal'*'^, C. KourkoumelisS, 

V. Kouskourai^^, A. Koutsmani^sa^ r. Kowalewskii^s, T.Z. Kowalski^^, W. Kozaneckii^e, A.S. Kozhini^s, 

V. Kral"'^^^, V.A. Kramarenko^^, G. Kramberger^'', M.W. Krasny^^, A. Krasznahorkay^°®, J. Kraus^*, 

J.K. Kraus^", S. Kroiss^"^, F. Krcjci^^^, J. Kretzschmar'''^, N. Krieger^'*, P. Kriegcr^^®, K. Krocningcr'"'"', 

H. Kroha^9^ j XroUi^", J. Kroscberg^", J. Krstici^^, U. Kruchonak^'^, H. Krdgcr^", T. Krukcr^^ 

N. Krumnack^s, Z.V. Krumshteyn^^, A. Knith^o, T. Kubota*^, S. Kuday^^, S. Kuehn^^, A. Kugel^^^ 

T. Kuhl^i, D. Kuhn^i, V. Kukhtin^^, Y. Kulchitsky^o, S. Kuleshov^i^^ C. Kummer^s, M. Kuna^^, 

J. Kunkle^^o, A. Kupco^^s, H. Kurashigc^e, M. Kurata^so^ Y.A. Kurochkin'^o, V. Kus^^s, E.S. Kuwertz"^, 

M. Kuzci'", J. Kvitai42, R. Kwccl^ A. La Rosa'^^, L. La Rotonda-''f'''^-''6b^ L. Labarga*^o, J. Labbe^, 

S. Lablak^-'^s^, C. Lacastal6^ F. Lacavai32a,i32b^ jj Lackerl^ D. Lacour^^^ Lacucstai^^^ E. Ladygin^^, 

R. Lafaye^, B. Laforge^*, T. Lagouri*'^, S. Lai^^, E. Laisnc''^, M. Lamanna^^, L. Lambournc^^, 

C.L. Lampcn^ W. Lampl^, E. Lanconi-''^ U. Landgraf^s, M.P.J. Landon^-\ J.L. Lanc«2, V.S. Lang^^'^, 

C. Langc^i, A.J. Lankford"'-\ F. Lanni^^, K. Lantzschi^^^ S. Laplacc^^, C. Lapoirc^o, J.F. Laportci^e^ 
T. Lari^s^, A. Larnoi-ii^ M. Lassnig^^, P. Laurclli'^^ V. Lavorini^Sa^seb^ ^^ Lavrijseni"*, P. Laycock^^, 
O. Lc Dortz'^*, E. Lc Guirricc8-\ C. Lc Maner^''^*, E. Lc Mcncdcui\ T. LcComptc^, F. Lcdroit-Guillon5^ 
H. Leeio-\ J.S.H. Loc"^^ s.C. Lcci^i, L. Leel^^ M. Lefebvrc^^^, M. Lcgcndrci^^ F. Lcgger^^, C. Leggett^^, 
M. Lehmachcr^", G. Lchmann Miotto^^, X. Lei^, M.A.L. Leitc^^d^ R. Lcitncri^e^ D. Lellouchi'^^ 

B. Lemmcr''^'^, V. Lcndermann^^^, K.J.C. Leney"^'', T. Lcnzi°-\ G. Lcnzcnl'^^ B. LcnzP, K. Leonhardt^^^ 
S. Leontsinis^ F. Lepold^s^, C. Lcroy9-\ J-R. Lessard^f'^, C.G. Lostcr^^, C.M. Lestcr^^o^ j_ Leveque"*, 

D. Lcvin^'^, L.J. Levinson"^ A. Lewis"^ G.H. Lcwisio*, A.M. Leyko^o, M. Leytonl^ B. Li^^, H. Li^^^.M^ 
S. Li32b.'', X. Li^^ Z. Liang"^'™, H. Liao^^, B. Liberti^^^^ p. Lichard^^, M. Lichtnecker9^ K. Lie^^^, 

W. Liebigi3, C. Limbach^o, A. LimosaniSe, M. Limper^^ S.C. Lini^i.^, F. Lindeio^, J.T. LinnemannSS, 

E. Lipclcsi20^ A. Lipniackai3, T.M. Uss^'^^, D. Lissauer^^, A. Listeria, A.M. Litke^^^^ c. Liu^s, D. Liu^^i, 
H. Liu^^ J.B. Liu87, L. Liu^^ M. Liu^^^, Y. Liu^^^, M. Livan"^'^'"^'', S.S.A. Livermore"^, A. Lleres^^^ 
J. Llorente Merino*°, S.L. Lloyd'^^, E. Lobodzinska^\ P. Loch*^, W.S. Lockmani^^, t. Loddenkoetter^o, 

F. K. Loebinger82, A. Loginov"^ C.W. Loh.^^^, T. Lohsel^ K. Lohwasser^s, M. Lokajiceki^s, 
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